Change in cohesive energies in a non-stoichiometric Ni 9 Mn 3 Ga 4 alloy was calculated as a function of tetragonality, c=a, and compared with that in a stoichiometric alloy. A dip around c=a ¼ $ 0:97, which is seen in a stoichiometric alloy, disappears in the non-stoichiometric alloy, and a dip around c=a ¼ $ 1:23 become deeper than that in the stoichiometric alloy. These results are in good agreement with the influence of Ni concentrations on c=a in Ni-Mn-Ga alloys.
Introduction
Since giant magnetostriction was discovered in Ni-Mn-Ga alloys, 1, 2) numerous investigations have been carried out from various viewpoints. The influence of compositions on transformation behaviors is one of interesting subjects. The transformation temperatures, M s , increase with increasing Ni concentration. [3] [4] [5] Not only M s but also the tetragonality, c=a, of the martensites is affected by the compositions. According to ref. (6) the martensites with c=a ¼ $ 0:98 and c=a ¼ $ 1:2 appear in the alloys with e=a < 7:61 and e=a > 7:61, respectively. Here, e=a, the ratio of electrons to atoms, was evaluated as follows; 4s, 4p and 3d electrons were counted as valence electrons for Ni and Mn atoms, whereas only 4s and 4p electrons for Ga atoms.
Recently, one of the authors analyzed the detailed structure of the martensite with the composition of Ni 2:18 Mn 0:82 Ga by powdered neutron diffraction and found that the tetragonal and orthorhombic structures appear during transformation. 7) The value of c=a in the tetragonal martensite is 1.19 at 273 K, and it increases slightly with decreasing temperature. The fact that c=a ¼ $ 1:19 in the alloy with e=a ¼ $ 7:63, is in agreement with the results of TEM observation. 6) Although tetragonality, c=a, of martensites is an important factor as for the shape memory behavior, the influence of the alloy compositions on c=a is not investigated thoroughly from the theoretical aspect. In the present study, the first principle calculations were performed in Ni 9 Mn 3 Ga 4 alloys with tetragonality, c=a, ranging from 0.85 to 1.35.
Methods of Calculation
The first principle calculations were performed using the WIEN2k program package, 8) which is based on the full potential augmented plane wave and local orbitals (APW+ lo) method within the generalized gradient approximation. The electronic states below the 3p and 3s states were treated as the core states for Ga atoms and for Ni and Mn atoms, respectively. The other states were calculated as a valence band using the APW+lo basis sets. The muffin-tin radius was fixed to 0.1058 nm for all atoms. The maximum wavelength of APW, K max , was determined to satisfy the condition of R Â K max ¼ 7, where R is the muffin-tin radius. The warped electron density in the interstitial region was described by a finite Fourier series with maximum wave vector, G max , where G max satisfies R Â G max ¼ 14. The maximum l value for partial spherical waves inside atomic spheres was 10. Figure 1 shows the unit cell of the Heusler (L2 1 ) structure. The unit cell has four Mn atoms; they are all equivalent even in the unit cell with tetragonal distortion. To investigate the influence of the composition on tetragonality, the hatched Mn atom at the body center position is replaced with a Ni atom. After this replacement, the unit cell has three Mn atoms and nine Ni atoms. For comparison, similar calculations are also performed for the stoichiometric Ni 2 MnGa. The structure of Ni 2 MnGa with tetragonal distortion belongs to the space group of I4=mmm and its unit cell is indicated by the dashed lines in Fig. 1 . Although the calculations for Ni 2 MnGa were performed using this unit cell, the results of calculations are expressed using the conventional unit cell indicated by the solid lines in Fig. 1 . Figure 2 shows the change in the total energy, ÁE, as a function of the tetragonality, c=a. The values of c and a are changed in such a manner that the volume of the unit cell is kept 0.1955 nm 3 , which is the equilibrium volume in the cubic structure obtained from theoretical calculations. Strictly speaking, the equilibrium volume is changed as a function of c=a, but the difference between volumes in cubic and martensite structures is only about 0.6% for Ni 2:18 Mn 0:82 Ga. 7) When c=a ¼ 1, this volume change increases the total energy by 0.25 meV per atom, which is negligible small in comparison with the energy changes related with c=a.
Results and Discussion

Change in total energies
In Fig. 2 , the dotted and solid curves indicate the changes in ÁE for Ni 2 MnGa and Ni 9 Mn 3 Ga 4 , respectively. In the case of Ni 2 MnGa, a small dip can be recognized at c=a ¼ $ 0:97 on the dotted curve. The dip seems to be the same one as already found out by the theoretical calculations, 9) although the exact value of c=a is slightly different. In the region of c=a > 1, the valley is formed around c=a ¼ $ 1:23.
In the case of Ni 9 Mn 3 Ga 4 , the small dip around c=a ¼ $ 0:97 disappears, whereas the valley in the side of c=a > 1 becomes deeper than that of Ni 2 MnGa. These changes make it easy to produce the martensite with c=a > 1 rather than that with c=a < 1. Although the valley around c=a ¼ $ 1:23 becomes deep by the substitution of Ni for Mn, the position of the valley is almost unchanged. These results lead to the following expectations: (1) The tetragonality of the martensite changes from c=a ¼ $ 0:97 to c=a ¼ $ 1:23 owing to increasing in the Ni concentration. (2) The M s temperature with c=a ¼ $ 1:23 increases with increasing the Ni concentration. These theoretical expectations are in good agreement with the experimental results described in section 1. Figure 3 (a) and (b) show the total and local density of states, TDOS and LDOS, of Ni 9 Mn 3 Ga 4 for c=a ¼ 1 and c=a ¼ 1:25, respectively. In both figures, the most of majority spin band is located below the Fermi level, E F . The tetragonality affects the minority spin band rather than the majority spin band. In comparison between Fig. 3 (a) and 3(b), the tetragonal distortion causes the decrease of TDOS around E F in the minority spin band. This behavior mainly originates from Ni atoms because both Ga and Mn atoms make little contribution to the TDOS profile around E F . The change in TDOS around E F causes the decrease in the total energy associated with the tetragonal distortion. Since quite similar behavior is also observed in the DOS profile of Ni 2 MnGa as shown in Fig. 4(a) and (b) , the decrease in ÁE seems to be caused in Ni 2 MnGa by the same origin as mentioned above.
Density of State
To obtain more detailed information of the change in the 9) According to ref. (9) , the changes in LDOS are attributed to the hybridization between Ga and Ni. Indeed, LDOS of Ga shows some changes around E F (Fig. 5(e) ), but it is not so remarkable as the changes in LDOS of d x 2 Ày 2 and d yz for the Ni(8r) atom. This implies that the direct interaction between the Ni(8r) atoms should be another important reason for the change in the DOS profile around E F . In fact, the proximity between Ni(8r) atoms along a-and b-axes can cause the overlapping of the wave functions d yz , which is oriented to the AE The above behavior in LDOS is also observed in Ni 2 MnGa. The decrease in the total energy around c=a ¼ $ 1:23 is attributed to the changes in DOS on the minority Ni spin band, irrespective of the Ni concentrations. Only difference between Ni 9 Mn 3 Ga 4 and Ni 2 MnGa is the fact that a Ni(1d) atom exists at the body center position in Ni 9 Mn 3 Ga 4 . In Fig. 5(d) , some electronic states in LDOS of the Ni(1d) atom is shifted to the lower energy direction by the tetragonal distortion. Although the reason of this shift is not clear, the Ni(1d) atoms become stable in the distorted structure. Figure 6 shows the changes in the local and total magnetic moments as a function of c=a, where each magnetic moment is given by the difference in electrons between the majority and minority spin bands. The characteristic changes in the total magnetic moments against c=a are mainly caused by the local magnetic moments of the Ni atoms. The magnetic mo- First Principle Calculations on Structures and Magnetic Properties in Non-Stoichiometric Ni-Mn-Ga Shape Memory Alloysments of the Ni atoms increase with the tetragonal distortions in both Ni 9 Mn 3 Ga 4 and Ni 2 MnGa. This is because some electronic states in the minority spin band of the Ni atoms are pushed up above E F , as shown in Fig. 5(b) . On the other hand, the magnetic moments of the Mn atoms are not so susceptible to c=a as those of the Ni atoms since the LDOS of the Mn atoms are not remarkably affected by the tetragonal distortion as shown in Figs. 3 and 4 . In Fig. 6(a) , the Ni 9 Mn 3 Ga 4 crystal has the smaller total magnetic moment by 2.5 to 3 per unit cell than the Ni 2 MnGa crystal. This is attributed to decrease in the number of Mn atoms per unit cell.
Magnetic moments
Conclusion
(1) In Ni 2 MnGa, the small dip and deep valley are formed around c=a ¼ $ 0:97 and c=a ¼ $ 1:23 on the total energy curve against c=a. On the other hand, in Ni 9 Mn 3 Ga 4 the small dip disappears and the valley become deep. These changes in the total energy curve are in good agreement with the changes in c=a and M s against the Ni concentrations.
(2) The tetragonal distortion mainly affects the minority spin bands of the Ni atoms. Consequently, some occupied electron states are shifted to the low energy direction and some are pushed up above E F . These changes stabilize the tetragonal martensites and increase the magnetic moments of the Ni atoms. Fig. 6 The changes in the total and local magnetic moments of the Mn and Ni atoms as a function of c=a.
